The goal of this study is to identify vocal fold geometric and mechanical conditions that are likely to produce large contact pressure and thus high risk of vocal fold injury. Using a three-dimensional computational model of phonation, parametric simulations are performed with co-variations in vocal fold geometry and stiffness, with and without a vocal tract. For each simulation, the peak contact pressure is calculated. The results show that the subglottal pressure and the transverse stiffness of the vocal folds in the coronal plane have the largest and most consistent effect on the peak contact pressure, indicating the importance of maintaining a balance between the subglottal pressure and transverse stiffness to avoiding vocal fold injury. The presence of a vocal tract generally increases the peak contact pressure, particularly for an open-mouth vocal tract configuration. While a low degree of vocal fold approximation significantly reduces vocal fold contact pressure, for conditions of moderate and tight vocal fold approximation changes in vocal fold approximation may increase or decrease the peak contact pressure. The effects of the medial surface thickness and vocal fold stiffness along the anteriorÀposterior direction are similarly inconsistent and vary depending on other control parameters and the vocal tract configuration.
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I. INTRODUCTION
Human voice production often involves repeated collision between the two vocal folds. The resulting contact pressure (also referred to as impact stress) between the two folds has generally been considered an important contributing factor toward vocal fold injury and the development of nodules, polyps, and cysts (Jiang and Titze, 1994; . The goal of this study is to understand the biomechanics of vocal fold contact pressure and its dependence on the geometric and mechanical properties of the vocal folds. Specifically, we want to identify vocal fold geometric and mechanical parameters that have a global effect on vocal fold contact pressure across a large range of voice conditions so that they can be manipulated to consistently reduce contact pressure and thus risk of vocal fold injury. Such knowledge, together with an understanding of laryngeal muscular control of vocal fold posturing, would allow clinicians to better identify abusive vocal behaviors and recommend useful voice therapy strategies (Hillman et al., 1989; Zhang, 2019) . Such understanding may also benefit voice training by guiding singers to achieve their vocal goals while avoiding excessively large contact pressures (Titze, 2006) .
There have been many previous studies to directly measure vocal fold contact pressure in human subjects (Reed et al., 1990; Hess et al., 1998; Verdolini et al., 1999; Gunter et al., 2005) , excised animal and human larynges (Jiang and Titze, 1994) , and physical models (Spencer et al., 2008; Chen and Mongeau, 2011) . In particular, Jiang and Titze (1994) conducted a comprehensive study of how changes in vocal fold conditions affect the peak contact pressure. They showed that the peak contact pressure increased with increasing subglottal pressure or increasing vocal fold adduction. With increasing vocal fold elongation, the peak contact pressure first increased then decreased. Thus, their findings suggested large contact pressure at conditions of loud voice, hyperadduction, and high pitches. They also showed that peak contact pressure occurred at the midpoint of the membranous vocal folds, at which vocal nodules are often observed. One limitation of these experimental studies is that vocal fold geometry and stiffness were not simultaneously measured or controlled, and thus it is not possible to relate the contact pressure to the underlying geometric and mechanical conditions of the vocal folds. The limited spatial resolution of the pressure sensors used also prevented mapping out the contact pressure distribution in the glottis (Jiang and Titze, 1994) . In particular, the location of peak contact pressure may vary significantly with vocal fold conditions and thus may not be captured by the sensors.
Computational models allow parametric variation of the geometry and mechanical conditions of the vocal folds and observing their effect on the contact pressure. Compared with lumped element models (e.g., Story and Titze, 1995) , phonation models based on continuum mechanics allow examination of the contact pressure at a much finer resolution (Jiang et al., 1998; Gunter, 2003 Gunter, , 2004 Tao et al., 2006; Tao and Jiang, 2007; Bhattacharya and Siegmund, 2014, 2015; Granados et al., 2017) . Computational models also allow investigation of the mechanical stress within the vocal folds that is otherwise difficult to measure in experiments. Gunter (2003) showed that vocal fold contact pressure was directly correlated with the compressive stress, transverse shear stresses, and Von Mises stress, but not the longitudinal a) Electronic mail: zyzhang@ucla.edu shear stress. Tao and Jiang (2007) further showed that the normal stress within the vocal fold was significantly lower than that on the surface. Consistent with experiments, these computational studies generally reported that the contact pressure decreases with decreasing subglottal pressure and that peak contact pressure occurs at mid-membranous locations. However, probably due to the high computational costs, there have been so far no systematic, parametric investigations of the dependence of contact pressure on vocal fold geometry and mechanical properties.
In the present study, parametric simulations are conducted in a three-dimensional body-cover phonation model (Zhang, 2017 (Zhang, , 2018 to investigate the influence of vocal fold geometry and mechanical properties on the contact pressure between the two vocal folds. The advantage of such a computational approach is that the model control parameters (vocal fold geometry, mechanical properties, and vocal tract configuration) are varied one at a time so that the effect of individual control parameters on voice production can be isolated for investigation, which is almost impossible in animal or human models. Specifically, we parametrically vary the subglottal pressure, vocal fold approximation, medial surface vertical thickness, and vocal fold stiffness both in the transverse plane and along the anteriorÀposterior (AP) direction, all of which have been shown to have large influences on vocal control. Physiologically, these model parameters can be actively controlled, although not necessarily independently of each other, by laryngeal and respiratory muscle activation. For example, the subglottal pressure is primarily controlled by respiratory muscle activities. Both the transverse and AP stiffnesses of the vocal folds increase with vocal fold elongation and decrease with vocal fold shortening (Hirano and Kakita, 1985; Zhang et al., 2017) , which can be controlled by the actions of the thyroarytenoid and cricothyroid muscles. Contraction of the thyroarytenoid muscle is expected to stiffen the body layer, both along the AP direction and in the transverse plane (Yin and Zhang, 2013) . Vocal fold approximation is controlled by adductory and abductory muscles (Vahabzadeh-Hagh et al., 2017) . The medial surface vertical thickness can be reduced by activation of the cricothyroid muscles, and increased by inferiormedial bulging of the medial surface due to the activation of the thyroarytenoid muscles (Hirano, 1988; VahabzadehHagh et al., 2017) . The simulations are performed for three vocal tract conditions (without a vocal tract, and with vocal tract shapes corresponding to the /A/ and /i/ sounds), to further evaluate potential effects of sourceÀtract interaction on the contact pressure. In the following, the computational model, simulation conditions, and data analysis are first described in Sec. II. The results are presented in Sec. III, followed by discussions in Sec. IV.
II. METHOD A. Computational model and simulation conditions
The same three-dimensional vocal fold model as in Zhang (2015 Zhang ( , 2016 Zhang ( , 2017 ) is used in this study. The reader is referred to these previous studies for details of the model. A sketch of the vocal fold model is shown in Fig. 1 . LeftÀright symmetry in vocal fold properties (geometry, material properties, and position) about the glottal midline is imposed so that only one vocal fold is modeled in this study. The vocal fold length along the AP direction is kept constant at 17 mm. The posterior cross-sectional geometry of the vocal fold has a medial-lateral depth of 6 and 1.5 mm in the body and cover layer, respectively, with a total depth of 7.5 mm. The cover layer thickness at the lateral boundary is set to be constant at 0.5 mm, based on measurements in Wu and Zhang (2016) . The vocal fold cross-section tapers quadratically toward the anterior direction, with the total depth reduced to 3.75 mm at the anterior surface of the vocal folds, which results in a continuously reduced body-layer depth along the AP direction while the cover layer depth remains constant at 1.5 mm. The medial surfaces of the two vocal folds form an initial glottal angle a, changes in which control the resting glottal opening or degree of vocal fold approximation. The vocal fold model is fixed at the lateral surface and the two side surfaces at the anterior and posterior ends. The vocal fold model is developed in the commercial finite element software COMSOL. Depending on the specific vocal fold geometry, the model is discretized into about 120 000 total tetrahedral elements, and the medial surface is discretized with a resolution of about 0.2 mm along the AP direction and 0.01 À 0.05 mm along the vertical direction.
Each vocal fold layer is modeled as a transversely isotropic, nearly incompressible, linear material with a plane of isotropy perpendicular to the AP direction. The material control parameters for each vocal fold layer include the transverse Young's modulus E t, the AP Young's modulus E ap , the AP shear modulus G ap , and density. The density of the vocal fold is assumed to be 1030 kg/m 3 . The AP Poisson's ratio is assumed to be 0.495. As in previous studies (Zhang, 2017 (Zhang, , 2018 , to reduce the number of conditions to be investigated, the AP Young's modulus E ap is assumed to be four times the AP shear modulus G ap , and the transverse Young's moduli of the two layers are assumed to be identical in the present study. For both layers, a constant loss factor of 0.4 is used, similar to Zhang (2017 Zhang ( , 2018 . The glottal flow is modeled as a one-dimensional quasi-steady glottal flow model taking into consideration of viscous loss, as described in detail in FIG. 1 . The three-dimensional vocal fold model and key geometric control parameters, including the vocal fold length L along the AP direction, vertical thickness of the medial surface T, and the initial glottal angle a. Zhang (2015 Zhang ( , 2017 . Despite these simplifications, our previous studies using similar computational models have been able to reproduce experimental observations on voice production by unsteady glottal flow (Zhang et al., 2002) , phonation threshold pressure and frequency in a two-layer silicone vocal fold model (Farahani and Zhang, 2016) , and vocal fold vibration patterns in different vibratory regimes and transitions between regimes (Zhang and Luu, 2012) .
Vocal fold contact is modeled using the penalty method. Vocal fold contact occurs when portions of the vocal fold cross the glottal midline, in which case a penalty pressure along the medial-lateral direction into the vocal fold is applied to the contact surface of the vocal fold. A large enough penalty pressure will ensure small penetration depth of the vocal folds crossing the glottal midline, and the corresponding penalty pressure will approximate the true contact pressure. Although ideally larger penalty pressures provide more accurate solution of the contact pressure, too large of a penalty pressure often leads to numerical instabilities (Wriggers, 2006) . In general, this penalty pressure is set to be proportional of the largest value of the system stiffness matrix. In this study, similar to Ishizaka and Flanagan (1972) , the contact pressure p c is related to the degree the vocal fold crosses the glottal midline Dy as follows (Zhang, 2015) ,
where x 1 is the first in vacuo angular eigenfrequency of the vocal fold, and k c1 ¼ 9 and k c2 ¼ 6000 are two contact coefficients, whose values are chosen to ensure small penetration depths while maintaining numerical stability. Note that k c1 and k c2 are not non-dimensional due to the way Eq. (1) is formulated, although they can be non-dimensionalized with a proper reformulation. For all the simulation conditions reported below, the mean penetration depth is about 0.002 mm, or about 1/750 of the cover layer depth (1.5 mm), indicating a reasonably good performance of the implemented penalty method. The following model control parameters are varied (Table I) , with the ranges of variation based on previous experimental and computational studies (Hollien and Curtis, 1960; Titze and Talkin, 1979; Hirano and Kakita, 1985; Alipour-Haghighi and Titze, 1991; Alipour et al., 2000; Zhang et al., 2017) . Geometrically, the vertical thickness of the medial surface in the superiorÀinferior direction T is varied between 1-4.5 mm, as in our previous studies. The initial glottal angle a, which controls the degree of vocal fold approximation, is varied in three values equal to 0 , 1.6 , and 4
(a small set of simulations are also performed for a ¼ 8 , as described below). Mechanically, the transverse stiffness of both layers E t is varied in three values equal to 1, 2, and 4 kPa. The AP shear moduli in the cover and body layers, G apc and G apb , are each varied in five values equal to 1, 10, 20, 30, and 40 kPa, thus a total of 25 unique (G apc , G apb ) conditions. The subglottal pressure is varied between 0 and 2.4 kPa, a total of 18 conditions that covers the range from soft voice to very loud voice. In total, this variation leads to 16200 parametric vocal fold conditions. Three vocal tract conditions are considered in this study, without a vocal tract and with a vocal tract corresponding to either the /A/ or /i/ sound. The first condition is a baseline condition, focusing on the effect of the laryngeal mechanisms alone. Comparison between this condition and the other two vocal tract conditions would identify the effects of vocal tract acoustic loading. The vocal tract is modeled as a one-dimensional waveguide (Story, 1995) , and the crosssectional area functions reported in Story et al. (1996) are used. No subglottal tract is included in the first condition without a vocal tract. For the other two conditions with a vocal tract, the model also includes an 11-cm long uniform subglottal tract.
In total, 16 200 conditions are investigated for each vocal tract conditions, with a total of 48 600 conditions. For each condition, a half-second of voice production is simulated using a fourth-order Runge-Kutta procedure (Zhang, 2015) at a sampling rate of 44 100 Hz, with the subglottal pressure linearly increased from zero to a target value in 30 time steps (about 0.68 ms) and then kept constant.
B. Data analysis
For each phonating condition, the peak contact pressure and its location on the medial surface are calculated. The peak contact area for each phonating condition is also calculated. These calculations are performed using the last 0.25 s of each simulation, by which time vocal fold vibration has either reached steady state or nearly steady state, or decayed into sufficiently small amplitude, to avoid the initial transients of the simulations. For each condition, the fundamental frequency F0 and sound pressure level (SPL) are also extracted, as described in Zhang (2016) . The closed quotient of vocal fold vibration is calculated as the fraction of the cycle in which the glottal area function falls within the lower 10% between the minimum and maximum glottal area. Additionally, for each phonating condition, the produced voice is classified into one of three voice types : type 1 voice with a regular vocal fold vibration pattern, type 2 voice with a subharmonic vocal fold vibration, or type 3 with a chaotic vibration pattern, as described in Zhang (2018) .
Our previous studies (Zhang, 2016 (Zhang, , 2017 (Zhang, , 2018 demonstrated interactions between physiologic control parameters in their effect on voice production. To focus on the effects of a specific control parameter that are consistent in a large range of vocal fold conditions, a histogram-based data analysis as described in Zhang (2017) is used in the present study to identify the global importance of specific control parameters to regulating the contact pressure. Specifically, for each of the six physiologic control parameters, changes in the peak contact pressure due to incremental step increases (Table I ) in the control parameter of interest while other control parameters remain constant are calculated, and a histogram of changes in peak contact pressure is generated for each of the six control parameters. A histogram with dominantly positive or negative values would indicate that changes in the corresponding control parameter would consistently increase or decrease the peak contact pressure across a large range of vocal conditions. To quantify this feature, for each histogram distribution X, a mean value M and a skewness factor S are calculated as below (Zhang, 2017) ,
where N is the number of samples in the distribution X, and X þ and X À are subsets of X consisting of samples of positive and negative values, respectively. The mean value M quantifies the average expected change in the peak contact pressure due to a step increase in a specific control parameter. The absolute value of the skewness factor S, the ratio between the numbers of samples in X þ and X À , quantifies the likelihood that an increase in a control parameter consistently increases or decreases the peak contact pressure, whereas the sign of S indicates the direction of change (i.e., an increase or decrease in the peak contact pressure). As in Zhang (2017) , in this study, a control parameter is considered to have a significant and consistent effect on the peak contact pressure if the absolute value of the corresponding S value is larger than 5 and the absolute M value is more dominant than that of other control parameters. Figure 2 shows a typical waveform of the intraglottal pressure at the middle point of the medial surface in the coronal plane. Also shown is the corresponding glottal area function. Similar to Jiang and Titze (1994) , the intraglottal pressure consists of two contributions, the glottal air pressure when the vocal folds are not in contact at the specific location and the contact pressure when contact does occur. The peak contact pressure is about 1 kPa, compared to the subglottal pressure of 0.8 kPa. The waveform and magnitude of the intraglottal pressure is qualitatively similar to those reported in Jiang and Titze (1994; Figs. 7 and 9) . There are also some notable differences. For example, in Fig. 2 the peak contact pressure occurs at an instant much closer to the instant of peak intraglottal air pressure than that in Fig. 7 of Jiang and Titze (1994) . Note that in this study the relative phase of the contact pressure within the cycle and the relative magnitude between the peak contact pressure and peak glottal air pressure vary with the location on the medial surface as well as the vocal fold conditions, as further discussed below.
III. RESULTS

A. Comparison to previous experiments
B. Contact pressure in the absence of a vocal tract A stepwise multiple linear regression is performed on all phonating conditions to identify the overall dependence of the peak contact pressure on the six control parameters in the absence of a vocal tract. The standardized coefficients and R 2 values are shown in the second column of Table II  (first value of each cell in the table) . The linear regression shows a strong effect (with an absolute standardized coefficient greater than 0.1) of the subglottal pressure P s , transverse stiffness E t , vertical thickness T, and AP shear modulus in the cover layer G apc . In comparison, although the effect of the initial glottal angle a and body-layer AP shear modulus G apb is also statistically significant, the effect size (evaluated by the standardized coefficient) is much smaller.
While the linear regression captures the overall trend over the ranges of control parameters investigated, we are more interested in whether a change in a specific control parameter would consistently increase or decrease the peak contact pressure, regardless of the magnitude of the change or values of other control parameters. Figure 3 shows the histograms of changes in the peak contact pressure due to incremental step changes of each control parameter alone while other controls are kept constant. The corresponding M and S values are also shown. Consistent with the results from the linear regression, the histogram analysis shows that the effects of the subglottal pressure P s , transverse stiffness E t, and vertical thickness T are quite consistent across the vocal fold conditions investigated, with the histograms consisting of values mostly on one side of the vertical axis and S values greater than 5. For the AP shear modulus in the cover layer G apc , the histogram has a S value of 3.17, indicating that changes in the cover-layer AP stiffness increases the peak contact pressure in a majority of vocal fold conditions, but not as consistent as the subglottal pressure or transverse stiffness. In contrast, the effects of the initial glottal angle a and the body-layer AP shear modulus G apb appear to be highly inconsistent and dependent on the values of other vocal fold parameters. Note that the M values quantify the amount of effect on the peak contact pressure due to a step change in the corresponding control parameter as specified in Table I .
Comparison of the effect size between control parameters thus needs to consider both the relative M values and the corresponding step size in Table I . The inconsistent effect of the initial glottal angle, or the degree of vocal fold approximation, is worth further elaboration. Figure 4 shows the effect of the initial glottal angle for two vocal fold conditions. The two conditions are identical except that the condition on the left has a higher cover-layer AP stiffness. For the range of initial glottal angle investigated (i.e., from 0 to 4 ), the peak contact pressure decreases with increasing initial glottal angle in one condition (left column, top three rows in Fig. 4 ), but increases with the initial glottal angle in the other condition (right column, top three rows in Fig. 4 ). This appears to contradict previous experimental observation that the peak contact pressure decreases with increasing glottal gap (e.g., Jiang and Titze, 1994) . We realize that the range of initial glottal angle in this study covers those in normal phonation (Isshiki, 1989) but probably not those in a more open or breathy voice production. We have therefore conducted additional simulations for values of the initial glottal angle up to 8 for a small set of vocal fold conditions. As shown in Fig. 4 , as the initial glottal angle further increases to 8 , the peak contact pressure decreases for both vocal fold conditions. In other words, the inconsistent effect of the initial glottal angle appears to exist only for conditions of tight and moderate vocal fold approximation (0 À4 as investigated in this study), and further reduction in vocal fold approximation eventually significantly reduces or completely eliminates the peak contact pressure, as observed in Jiang and Titze (1994) .
C. Contact pressure in the presence of a vocal tract
To evaluate the effect of changes in vocal tract configurations, we compare the peak contact pressure for identical vocal fold conditions but different vocal tract configurations. Figure 5 shows the histograms of changes in the peak contact pressure due to changes in the vocal tract configuration (i.e., with vs without a vocal tract, /A/ vs /i/ vocal tract). The first two histograms compare conditions with a vocal tract to those without a vocal tract. Both histograms consist primarily of positive values, indicating that the presence of a vocal tract increases the peak contact pressure. This is particularly the case for the /A/ vocal tract, in which the peak contact pressure is almost doubled or tripled in some conditions compared to that without a vocal tract. The third histogram in Fig. 5 , comparing the /A/ vocal tract with the /i/ vocal tract, shows that the peak contact pressure is generally higher for the /A/ vocal tract than that for the /i/ vocal tract.
Figures 6 and 7 show the histograms of changes in the peak contact pressure due to changes in the six control parameters for the /A/ and /i/ vocal tract, respectively. Similar to those in Fig. 3 for conditions without a vocal tract, consistent effects (with large S values) of the subglottal pressure and transverse stiffness are observed in Figs. 6 and 7. In contrast, the effects of the vertical thickness and the coverlayer AP shear modulus are no longer as consistent across a large range of conditions in the presence of a vocal tract. On the other hand, the body-layer AP shear modulus, which does not exhibit a consistent effect in the absence of a vocal tract, now shows a more consistent and significant effect for both vocal tracts. The initial glottal angle also now shows a more consistent effect in the presence of a vocal tract. However, note again that such effect disappears when the initial glottal angle is further increased beyond 4 , as shown in Fig. 4 . These observations are confirmed by the stepwise linear regression shown in Table II .
D. Contact area and location of peak contact
In general, the peak contact area increases with increasing vertical thickness or decreasing initial glottal angle, as shown by the multiple linear regression in the third column of Table II . The regression also shows a weak effect of the transverse stiffness and AP shear moduli in the body and cover layers, with the peak contact area decreasing with an increase in either modulus (except for conditions with the /i/ FIG. 3. (Color online) Histograms of changes in the peak contact pressure due to incremental changes in the six control parameters (subglottal pressure P s , stiffness E t , medial surface vertical thickness T, initial glottal angle a, AP shear moduli in the cover and body layers G apc and G apb ), for conditions without a vocal tract. Dashed lines indicate the origin or no changes in the peak contact pressure. vocal tract). Table II also shows a slight effect of the subglottal pressure, with the peak contact area increasing slightly with increasing subglottal pressure. However, a much larger effect of the subglottal pressure is observed when regression is performed over conditions with the subglottal pressure lower than 1 kPa (typical of normal speech), in which increasing subglottal pressure significantly increases the peak contact pressure. This large effect of the subglottal pressure in the lower range is probably because an increase in the subglottal pressure would significantly improve vocal fold contact at low subglottal pressure but this effect becomes less significant at increasingly higher subglottal pressures (Zhang, 2016) . Figure 8 shows the histograms of the location of peak contact pressure along the AP direction for all three vocal tract configurations. Note that the anterior and posterior ends of the vocal fold are at 0 and 17 mm in the figure, respectively. In general, the peak contact pressure is most likely to occur at the middle region along the AP direction, as indicated by a cluster of data points around 7-10 mm in the figure, which is consistent with the findings in Jiang and Titze (1994) . There are a considerable number of vocal fold conditions in which the peak contact pressure occurs at regions close to the anterior and posterior ends (around 2 mm and 14 À 15 mm). This is partially because that due to close proximity to the glottal centerline (see Fig. 1 ) and the fixed boundary condition at the anterior end, the most anterior locations (and the most posterior locations for conditions with a ¼ 0 ) of the vocal folds almost always vibrate with contact. Similar tendency of contact at anterior locations has been reported in Lohscheller et al. (2013) , which showed that the open quotient decreased significantly toward the anterior end of the vocal folds in humans. Vocal fold contact at anterior and posterior locations is also facilitated by weak excitation of AP modes (i.e., different portions of the vocal folds along the AP direction vibrate at different phases) with local displacement maxima at these locations, which in this FIG. 4 . (Color online) Effect of the initial glottal angle on the intraglottal pressure (solid lines) and glottal area function (dashed lines) for two typical vocal fold conditions. Left: the peak contact pressure decreases monotonically with increasing initial glottal angle, whereas on the right column the peak contact pressure reaches maximum at a ¼ 4 before it decreases with further increase in the initial glottal angle. The two vocal fold condition are identical (T ¼ 3 mm, E t ¼ 4 kPa, G apb ¼ 10 kPa, P s ¼ 0.8 kPa) except the left condition has a higher cover-layer AP stiffness (G apc ¼ 30 kPa) than the right (G apc ¼ 10 kPa). study is often observed in vocal folds with isotropic or nearly isotropic stiffness conditions, consistently with our previous experimental [ Fig. 3(b) in Mendelsohn and Zhang, 2011] and numerical studies (Fig. 5 in Zhang, 2014) . Although the contact pressure at these anterior and posterior locations is in general small due to the relatively small vibration amplitude, peak contact pressure may occur at these locations in the absence of strong mid-membranous contact (e.g., vocal folds with a small vertical thickness or a large initial glottal angle). As the initial glottal angle increases, there is also a tendency of the posterior location of peak contact pressure to gradually move anteriorly.
E. Correlations with F0, SPL, closed quotient, and voice type
Because measurement of vocal fold geometry and stiffness is often difficult in human subjects, it is of interest to examine the correlation between the peak contact pressure and the fundamental frequency F0, vocal intensity SPL, closed quotient of vocal fold vibration, and voice type, which are relatively easier to measure. Table III shows the standardized coefficients and R 2 values of simple linear regression between the peak contact pressure and the three individual output measures of voice production. Vocal intensity SPL has the highest correlation with the peak contact pressure, followed by the CQ, with the F0 showing the smallest correlation. While the R 2 values are considerable for SPL, they are much smaller for CQ and F0, indicating a small effect size for both F0 and CQ. It should be noted that the model control parameters in this study are varied independent of each other, whereas they often co-vary in humans. Such co-variations among the model control parameters may lead to different correlations in humans from those reported here.
Analysis of variance shows statistically significant effects (p < 0.005) of the voice type (types 1, 2, and 3) on Multiple comparison shows that, for conditions without a vocal tract or with the /i/ vocal tract, the peak contact pressure is the highest for type 3, followed by type 2, and is the lowest for type 1 voices. For conditions with the /A/ vocal tract, the peak contact pressure in types 2 and 3 voices is higher than in type 1, but there is no statistically significant difference between peak contact pressure in types 2 and 3.
F. Vocal fold conditions with a stiffer body layer
Although indentation testing showed that the thyroarytenoid muscle, which forms the body layer of the vocal fold, was softer than the cover layer when dissected from the laryngeal framework (Chhetri et al., 2011) , the body layer is generally expected to be stiffer than the cover layer (Yin and Zhang, 2013) . The analysis above is repeated to consider only vocal fold conditions in which the body layer AP stiffness is greater than or equal to that of the cover layer. The results are generally similar to those obtained when all vocal fold conditions are considered. Imposing the body layer to be stiffer than the cover layer does lead to an even smaller effect of the body-layer AP stiffness, which otherwise has a sizeable effect on the peak contact pressure in the presence of a vocal tract (Table II) .
IV. DISCUSSION AND CONCLUSIONS
This study shows that the subglottal pressure and the transverse stiffness of the vocal fold have the most consistent and dominant effect on the peak contact pressure. In almost all conditions investigated, the peak contact pressure consistently decreases with decreasing subglottal pressure or increasing transverse stiffness. Our results also show a strong effect of the vocal tract, with the peak contact pressure generally much higher in the presence of a vocal tract, particularly for the /A/ vocal tract with an open-mouth configuration. In contrast, the effects of the other four control parameters (body and cover AP stiffnesses, initial glottal angle, and vertical thickness) are less consistent and vary depending on the specific vocal fold and vocal tract conditions. Specifically, in the absence of a vocal tract, an increase in either the medial surface vertical thickness or the cover-layer AP stiffness often increases the peak contact pressure, although this trend becomes less consistent when a vocal tract is added. The body-layer AP stiffness has a more consistent and positive effect on the peak contact pressure in the presence of a vocal tract, which disappears for conditions with a body layer stiffer than the cover layer or for conditions without a vocal tract. While a low degree of vocal fold approximation significantly reduces vocal fold contact pressure, for conditions of moderate and tight vocal fold approximation an increase in the initial glottal angle may increase or decrease the peak contact pressure, depending on vocal fold stiffness and vocal tract conditions.
Our results also show that the peak contact pressure has a significant and positive correlation with vocal intensity, which is consistent with the positive relation between the peak contact pressure and the subglottal pressure. Statistically significant correlation is also observed between the peak contact pressure and the closed quotient and voice type, with the peak contact pressure increasing with increasing closed quotient and being higher in non-modal phonation (type 2 and 3 voices) than in modal phonation (type 1 voice). However, the effect sizes for both the closed quotient and voice type are small, with R 2 values less than 0.1. A negative correlation between the peak contact pressure and F0 is also observed in the presence of a vocal tract, but with an even smaller effect size.
These results are largely consistent with previous findings. For example, the large positive effect of the subglottal pressure on the peak contact pressure has been consistently reported in previous studies (Jiang and Titze, 1994; Tao et al., 2006; Galindo et al., 2017) . The peak contact pressure often occurs at the middle region along the AP direction, consistent with Jiang and Titze (1994) and other numerical studies (Tao et al., 2006; Tao and Jiang, 2007) . As the initial glottal angle increases, the peak contact pressure eventually decreases and disappears, consistent with the observation in Jiang and Titze (1994) regarding the effect of adduction. The weak relation between the closed quotient and peak contact pressure is consistent with the observation in human subjects in Verdolini et al. (1999) . It appears that an increase in the duration of the closed phase, which is primarily related to the vertical phase difference and vertical thickness of the medial surface (Zhang, 2016) , does not necessarily indicate an increase in the depth of influence of vocal fold contact, which is directly related to the peak contact pressure. Our study also reveals some trends that were not observed in previous experimental studies. For example, our study shows a strong interaction between the initial glottal angle and vocal fold AP stiffness, with the peak contact pressure in some stiffness conditions varying with the initial glottal angle in a non-monotonical manner for moderate and high degrees of vocal fold approximation. While this does not directly contradict previous findings, this trend needs to be verified in future experimental studies. Similarly, the occurrence of peak contact pressure at locations close to the anterior or posterior ends needs to be verified in future experiments. Jiang and Titze (1994) reported that the peak contact pressure first increased then decreased with increasing vocal fold elongation. The effect of changes in vocal fold length is not investigated in this study. However, vocal fold elongation is often accompanied by an increase in both the transverse and AP vocal fold stiffness, vocal fold thinning, and possibly a slight decrease in vocal fold approximation (Hirano and Kakita, 1985) . While increasing transverse stiffness and vocal fold thinning in the absence of a vocal tract would decrease peak contact pressure, increased AP stiffness in the cover layer would increase peak contact pressure. Depending on the degree of changes in vocal fold approximation, it may first increase then decrease the peak contact pressure (e.g., Fig. 4) . Thus, the non-monotonic effect of vocal fold elongation observed in Jiang and Titze (1994) can be explained by the findings of this study. Nevertheless, a better understanding of the simultaneous geometric and mechanical changes in the vocal fold due to vocal fold elongation is required to better understand the observations in Jiang and Titze (1994) .
The results of this study indicate that the most consistent strategy to avoid excessively high contact pressure, other than using a breathy voice, is to maintain a balance between the subglottal pressure and transverse stiffness to not overload the vocal folds during phonation. An extremely small transverse stiffness coupled with an extremely high subglottal pressure can lead to very high, vocal fold-damaging peak contact pressure. In other words, one should avoid producing a loud voice with a "relaxed" vocal fold condition. In humans, the lowest transverse stiffness often occurs in extremely relaxed conditions of the vocal folds with minimum elongation , as in soft voice or vocal fry, which is fortunately often produced with a low subglottal pressure. On the other hand, an increase in vocal intensity in humans often involves a simultaneous increase in both the subglottal pressure and laryngeal resistance (e.g., Isshiki, 1964) that is likely associated with increased transverse stiffness.
Our results show a generally lower peak contact pressure with the /i/ vocal tract compared to the /A/ vocal tract, indicating the potential usefulness of a constricted vocal tract configuration in voice therapy. Titze (2006) showed that a semi-occluded vocal tract (e.g., with the use of a flow resistance tube attached to the mouth) reduces vibration amplitude and increases intraglottal pressure, both of which are expected to reduce vocal fold collision. He further hypothesized that "semi-occlusives allow the vocalist to build up high lung pressures without excessive damage to tissues due to large vibrational amplitudes." Our results appear to confirm this hypothesis. However, our results also show strong interaction between the vocal tract configuration and vocal fold properties (approximation, stiffness, and vertical thickness), as indicated by the inconsistent effect of the initial glottal angle, vocal fold AP stiffness, and vertical thickness. Future studies with more vocal tract configurations (e.g., those studied in Titze, 2006) are required to further elucidate potential effects of source tract interaction on vocal fold contact and contact pressure.
Vocal fold geometry and stiffness often co-vary in humans, partially because they are controlled by the same set of laryngeal muscles. Thus, translation of the findings of this study to human phonation has to take into consideration of these covariations. One example is vocal fold elongation as discussed earlier, which may increase or decrease the peak contact pressure, depending on the relative magnitude of the geometric and stiffness changes. Similarly, a strong correlation between F0 and the peak contact pressure may exist in humans, considering the covariations between the transverse and AP stiffnesses.
Another limitation of the present study is that the vocal fold is modeled as an elastic material, whereas in reality the vocal folds are viscoelastic and experience creep and stress relaxation, which is expected to affect the contact pressure. Furthermore, the vocal fold surface condition may affect adhesion and separation between the vocal folds, and is likely to play an important role in vocal fold contact and contact pressure (Bhattacharya and Siegmund, 2014, 2015; Tse et al., 2015; Erath et al., 2017) , which needs to be considered in future studies.
